Activation of host innate immune responses was studied in severe acute respiratory syndrome coronavirus (SCV)-infected human A549 lung epithelial cells, macrophages, and dendritic cells (DCs). In all cell types, SCV-specific subgenomic mRNAs were seen, whereas no expression of SCV proteins was found. No induction of cytokine genes (alpha interferon [IFN-␣], IFN-␤, interleukin-28A/B [IL-28A/B], IL-29, tumor necrosis factor alpha, CCL5, or CXCL10) or IFN-␣/␤-induced MxA gene was seen in SCV-infected A549 cells, macrophages, or DCs. SCV also failed to induce DC maturation (CD86 expression) or enhance major histocompatibility complex class II expression. Our data strongly suggest that SCV fails to activate host cell cytokine gene expression in human macrophages and DCs.
Severe acute respiratory syndrome coronavirus (SCV) (13, 15, 21, 26) causes a severe lung infection that resembles the one caused by the avian influenza virus H5N1, a virus that successfully escapes the antiviral actions of cytokines (2, 27) . The epithelial cells of the upper respiratory tract are the primary targets for respiratory viruses, but macrophages and dendritic cells (DCs) are also often infected. Little information is available as to whether SCV infection induces a cytokine response in human macrophages or DCs, the cell types that initially regulate the activation of innate and adaptive immune responses during microbial infections. Alpha/beta interferons (IFN-␣/␤), the major antiviral cytokines, posses activity against many respiratory viruses (24, 25) . However, SCV appears to be somewhat resistant to the antiviral actions of IFNs (5, 30) . Here we studied whether SCV can activate cytokine-mediated innate immune responses in human lung epithelial cells or in human monocyte-derived macrophages and DCs.
The SCV Frankfurt-1 isolate (kind gift of H. Rabenau) was propagated in Vero E6 cells (CRL 1586, American Type Culture Collection, Manassas, VA) under BSL-3 conditions (19) . The infectivity of the virus was 10 7 50% tissue culture infective doses/ml. Influenza virus A/Beijing/353/89 (H3N2) and the murine Sendai virus (strain Cantell) served as controls (20, 22) . The human lung carcinoma cell line A549 (CCL-185, American Type Culture Collection) and the human hepatoma cell line HuH7 (18) were used in infection and transfection experiments, respectively. SCV 3a and N genes were PCR amplified (primer sequences available on request) and cloned into the BamHI site of pcDNA 3.1(ϩ) (Invitrogen). The N gene was inserted into pAcYM1 baculovirus expression vector (17) , and recombinant SCV N protein was produced in insect cells (7) . Guinea pigs were immunized with sodium dodecyl sulfate-polyacrylamide gel electrophoresis-purified SCV N protein (20 g/immunization/animal), and N protein-specific antibody titers were determined by indirect immunofluorescence staining in SCV N gene-transfected HuH7 cells (17) . Approximately 2.5 ϫ 10 6 monocytes from healthy blood donors were allowed to bind to plastic six-well plates (Falcon, Becton Dickinson, Franklin Lakes, NJ) and to differentiate into macrophages or immature DCs (20, 22, 32) using granulocyte-macrophage colony-stimulating factor (GM-CSF) or GM-CSF and interleukin-4 (IL-4), respectively. Human leukocyte IFN-␣ was obtained from the Finnish Red Cross Blood Transfusion Service, and recombinant human IFN-␤ (Schering-Plough, Espoo, Finland) and IL-29 (ZymoGenetics, Seattle, WA) were obtained from commercial sources.
For indirect immunofluorescence staining or flow cytometric analysis (FACS), cells were infected with SCV, influenza A, or Sendai viruses, fixed, permeabilized, and treated with 2% fetal bovine serum in phosphate-buffered saline. SCV-infected Vero E6 cells and DCs were stained with guinea pig anti-SCV N protein antibodies followed by secondary fluorescein isothiocyanate-labeled antibodies. Virus-infected DCs were stained with fluorescein isothiocyanate-conjugated anti-CD80, anti-CD83, anti-CD86, anti-HLA-DR, or isotype control antibodies (Caltag Laboratories). Influenza A-or Sendai virus-infected DCs were stained with glycoprotein-specific antibodies (20, 22) and secondary antibodies (Caltag Laboratories). Stained cells were analyzed with FACScan using Cellquest software (Becton Dickinson, San Diego, CA).
Northern blot analysis was done as described previously (4, 8) . Hybond-N nylon membranes (Amersham Biosciences, Helsinki, Finland) were hybridized with SCV 3a, SCV N, IFN-␣2, IFN-␤, IL-28B, and IL-29 (29) ; tumor necrosis factor alpha (TNF-␣), CCL5, and CXCL10 (16) ; and MxA (23) cDNA probes. Guinea pig anti-SCV N protein antibodies were highly specific ( Fig. 1A) , and they were used to study the kinetics of SCV N protein expression in Vero E6 cells, where SCV N protein expression was readily seen at 24 and 48 h after infection ( Fig.  1B) .
Northern blot analysis of SCV-infected A549 cells revealed SCV 3a and N mRNA-specific signals whose intensity increased from 6 to 24 h after infection (Fig. 2) . In A549 cells, SCV N protein expression was not seen even at 5 days after infection (results not shown). IFN-␣ pretreatment showed some inhibition of SCV mRNA expression 24 h after infection. SCV infection failed to induce IFN-␣, IFN-␤, IL-28A/B, IL-29, TNF-␣, CCL5, CXCL10 (data not shown), or IFN-␣/␤-induced MxA (Fig. 2) mRNA expression, which is a sensitive marker gene for IFN-␣/␤ (10, 11, 24) . IFN-␣ priming, which provides positive feedback for virus-induced cytokine gene expression (14, 20) , did not enhance SCV-induced cytokine mRNA expression in A549 cells (data not shown). Based on Northern blot analysis, SCV-infected DCs expressed SCV N mRNA (Fig. 3A) . However, the infection appeared to be self-limiting, since viral mRNA expression was reduced at 24 h of infection. No induction of IFN-␣, IFN-␤, IL-28A/B, IL-29, TNF-␣, CCL5, or CXCL10 mRNAs was seen in SCV-infected DCs (results not shown). MxA mRNA expression was not seen, further suggesting that IFN-␣/␤ was not induced by SCV in DCs. In influenza A or Sendai virus infection, instead, a rapid and strong MxA mRNA expression in DCs was evident (Fig.  3B ). Pretreatment of DCs with IFN-␣, IFN-␤, or IL-29 led to MxA gene induction but not to a detectable reduction in SCV mRNA expression ( Fig. 3A) or enhanced cytokine gene expression (data not shown). Also, in macrophages, SCV infec-tion led to the expression of N-specific mRNAs whose expression was not reduced by cytokine pretreatment (Fig. 3C ). Like in A549 cells and DCs, SCV failed to induce IFN-␣, IFN-␤, IL-29, CCL5, or CXCL10 mRNA expression in unprimed or IFN/IL-29-primed macrophages (data not shown), suggesting that SCV does not induce efficient cytokine response in these cells.
In spite of clearly detectable expression of SCV-specific sub-
FIG. 2. Expression of SCV mRNA in IFN-␣-treated and untreated A549 cells. Untreated or IFN-␣-pretreated (100 IU/ml, 24 h) A549
cells were infected with SCV (MOI, 2) for the times indicated. Total cellular RNA was isolated and processed for Northern blot analysis using SCV 3a cDNA (two bands) or T7 RNA polymerase-transcribed SCV N positive-strand-specific cRNA probe (six bands) and host MxA gene-specific random-primed cDNA probe. SCV-specific mRNA species are found especially at 24 h after infection. No IFN-␣, IFN-␤, IL-28A/B, IL-29, TNF-␣, CCL5, or CXCL10 mRNA expression was seen in SCV-infected cells (blots not shown). Ethidium bromide staining for 28S and 18S rRNAs was used to verify equal RNA loading.
FIG. 3. SCV mRNA is expressed in virus-infected human monocyte-derived dendritic cells and macrophages. Human myeloid DCs
(A) or macrophages (C) were infected with SCV (MOIs, 2 and 0.4) for 24 h. Total cellular RNA was isolated and processed for Northern blotting, and the filters were hybridized with SCV N-or host MxAspecific cDNA probes. (B) DCs were also infected with influenza A or Sendai viruses (MOI, 5), cells were collected at the times indicated, total cellular RNA was isolated, and Northern blot analysis was carried out with MxA cDNA. Ethidium bromide staining for 28S and 18S rRNAs was used to verify equal RNA loading. genomic mRNAs (Fig. 3A) , FACS analysis of SCV-infected DCs revealed a complete lack of SCV N protein expression and a lack of enhancement of HLA-DR expression. (Fig. 4A) . Similarly, SCV infection failed to induce DC maturation marker CD86, the expression of which was readily enhanced by influenza A and Sendai viruses (Fig. 4B) . The latter two viruses replicated well in DCs (Fig. 4C) .
Here we show that SCV can internalize A549 cells, monocyte-derived macrophages, and DCs, since SCV-specific subgenomic mRNAs were expressed. However, the infection was (3, 31, 33) , who also observed uptake but not efficient replication of SCV in DCs or in A549 cells. The failure of SCV to induce cytokine gene expression in these cell types is likely due to the lack of efficient SCV replication, since the activation of IFN/ cytokine gene expression requires virus replication, which triggers the activation of IKKe/TBK1-IRF3/IRF7 and NF-B signal transduction pathways leading to enhanced IFN/cytokine gene expression. Contact with bacteria or virus infection stimulates DC maturation, expression of CD80, CD83, CD86, and major histocompatibility complex class II, and the production of proinflammatory cytokines (1, 6, 32) . While influenza A and Sendai viruses replicated well in DCs and stimulated the expression of CD86, SCV-infected DCs failed to show enhanced CD86 or HLA class II expression. SCV infection in DCs was also not able to induce IFN-␣/␤, IL-28A/B, IL-29, TNF-␣, CCL5, or CXCL10 gene expression. These genes are readily turned on by infection of DCs with other viruses (1, 6, 12, 16, 20, 28) . Indirect evidence for the lack of IFN-␣/␤ production was obtained from the inability of SCV to turn on MxA gene expression. The MxA gene is specifically and sensitively (Ͻ1 IU/ml) under the regulation of IFN-␣/␤ (23, 24) . It is likely that the inability of SCV to induce cytokine gene expression in human myeloid DCs is due to the abortive nature of SCV infection in these cells.
In Vero E6 cells and macaque type 1 pneumocytes, IFN-␣/␤ has activity against SCV. However, relatively high doses (1,000 IU/ml or higher) of IFN-␣/␤ were required for significant inhibition of SCV replication (5, 9) . Other antiviral proteins apart from MxA are likely to be involved in this process (5, 9) . Although we used lower IFN-␣ pretreatment doses (100 IU/ ml), some inhibition of SCV mRNA expression was seen in A549 cells but not in DCs or macrophages ( Fig. 2 and 3) , further supporting the idea that SCV is relatively insensitive to the antiviral effects of IFN-␣/␤ (and IL-29).
Our observations demonstrate that human primary macrophages and DCs are susceptible to SCV. Although early SCV mRNA expression appears to take place, the infection is selflimiting and no evidence for viral protein expression is seen. SCV also completely failed to induce host cell cytokine response. This strongly suggests that macrophages and DCs are not efficiently activated by SCV, which may lead to weak host cell antiviral response and slow initiation of cytokine-mediated adaptive immune responses.
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